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Development of Noradrenergic Neurons in the
Zebrafish Hindbrain Requires BMP, FGF8,
and the Homeodomain Protein Soulless/Phox2a
anterior hindbrain is poorly understood. However, stud-
ies with other CNS and peripheral nervous system (PNS)
neurons have suggested that their identity is established
in response to extrinsic signals from their immediate
neighborhood (Anderson and Jan, 1997; Edlund and
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Audrey Goddard,* Stephen W. Wilson,²
Mary C. Mullins,³ and Arnon Rosenthal*§
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and Molecular Biology
Jessell, 1999). For example, motor and interneurons thatGenentech, Incorporated
are restricted to the ventral aspect of the neural tube1 DNA Way
acquire their identity in response to sonic hedgehogSouth San Francisco, California 94080
(SHH), which is produced by ventral midline structures.²Department of Anatomy
Likewise, neural crest cells and spinal interneurons thatand Developmental Biology
are located dorsally appear to be specified by membersUniversity College London
of the bone morphogenic protein (BMP) family that areGower Street
produced in the epidermal ectoderm (reviewed in LeeLondon WC1E 6BT
and Jessell, 1999). In addition, neurons that are initiallyUnited Kingdom
confined along both the dorsovental (DV) and antero-³Department of Cell and Developmental Biology
posterior (AP) axes of the neural tube were shown to beUniversity of Pennsylvania School of Medicine
dependent on multiple cooperating epigenetic signals.Philadelphia, Pennsylvania 19104-6058
Hence, dopaminergic (DA) neurons that reside in the
ventral midbrain and serotonergic (5HT) neurons that
reside in the ventral rostral hindbrain are dependent onSummary
both SHH and fibroblast growth factor-8 (FGF8) for their
development (reviewed in Hynes and Rosenthal, 1999).We report that the zebrafish mutation soulless, in
Thus, LC neurons may also be specified in response towhich the development of locus coeruleus (LC) norad-
yet unidentified inductive signals emanating from theirrenergic (NA) neurons failed to occur, disrupts the
neighborhood.homeodomain protein Phox2a. Phox2a is not only nec-
Concurrent with the commitment to the NA lineage,essary but also sufficient to induce Phox2b1 dopa-
LC neurons express two homeodomain proteins, desig-mine-beta-hydroxylase1 and tyrosine hydroxylase1 NA
nated Phox2a and Phox2b, which are shared by cranialneurons in ectopic locations. Phox2a is first detected
motor neurons, the placode-derived cranial sensoryin LC progenitors in the dorsal anterior hindbrain, and
neurons, and the neural crest-derived sympathetic,its expression there is dependent on FGF8 from the
parasympathetic, and enteric neurons. These neuronsmid/hindbrain boundary and on optimal concentra-
transiently or permanently express the NA synthesis en-tions of BMP signal from the epidermal ectoderm/
zyme dopamine-beta-hydroxylase (DBH) (Valarche etfuture dorsal neural plate junction. These findings sug-
al., 1993; Tiveron et al., 1996). Gene ablation studiesgest that Phox2a coordinates the specification of LC
further revealed that Phox2a is required for the develop-in part through the induction of Phox2b and in re-
ment of LC and a subset of sympathetic, parasympa-sponse to cooperating signals that operate along the
thetic, cranial motor, and sensory ganglia neuronsmediolateral and anteroposterior axes of the neural
(Morin et al., 1997). Likewise, Phox2b is essential for theplate.
development of most LC, cranial sensory, sympathetic,
parasympathetic, and enteric ganglia neurons (Pattyn
et al., 1999). Affected placode- and neural crest-derived
Introduction neurons failed to express the neurotransmitter synthesis
enzymes DBH and TH, as well as Ret, the tyrosine kinase
The vertebrate central nervous system (CNS) contains receptor for Glial cell line±derived neurotrophic factor
a small group (z24,000 in human, z3,200 in rodent, and (GDNF). In addition, they suffer deficits in survival, mi-
z7±10 in zebrafish) of evolutionary conserved noradren- gration, and proliferation.
ergic (NA) neurons known as the locus coeruleus (LC) Although Phox2 genes are essential for the expression
(Smeets and Reiner, 1994). These neurons reside in the of DBH and TH in LC neurons (Morin et al., 1997; Pattyn
ventro-lateral region of the first hindbrain rhombomere et al., 1999), it is not yet clear whether they are sufficient
and project to regions throughout the CNS. Their degen- to induce NA identity. Forced expression of Phox2a in
eration is associated with Parkinson's and Alzheimer's nonneuronal cell lines was shown to activate the TH or
disease (Chan-Palay, 1991), whereas their abnormal DBH promoter (Zellmer et al., 1995; Kim et al., 1998;
function is thought to play a role in depression, sleep Yang et al., 1998). However, studies of Phox2a with
disorders (Siegel, 1999), and schizophrenia (Breier et al, cultured neural crest cells indicated that it is in fact not
1998). fully sufficient to induce the NA synthesizing enzymes
The mechanism by which LC neurons assume their DBH and TH. Efficient activation of the TH gene ap-
specific identity and are confined to the ventrolateral peared to require expression of Phox2a in the presence
of activators of protein kinase A (PKA) and was further
enhanced in the presence of GDNF and dexamethasone.§ To whom correspondence should be addressed (e-mail: ar@
gene.com). The DBH gene was not activated under these conditions
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(Lo et al., 1999), leaving open the question as to whether
Phox2a can induce a full NA phenotype in the PNS or
CNS in vivo.
Even though Phox2a is upregulated in LC progenitors,
little is known about the signals that are required for its
induction in these cells. Studies in cultured sympathetic
progenitors gave rise to the hypothesis that Phox2b is
induced by BMP2 and 4, which are normally produced
in the dorsal aorta where the primary sympathetic chain
forms (Reissman et al., 1996). Phox2a, on the other hand,
was suggested to be induced in sympathetic progeni-
tors by Phox2b in combination with Mash1, a helix-loop-
helix transcription factor that is also induced by BMP2
and 4 (Lo et al., 1999). Consistent with the suggested
involvement of BMP2 and 4 in the induction of Phox2b
in sympathetic progenitors, BMP in combination with
activators of PKA was shown to induce the expression
of both TH and DBH in the cultured neural crest cells
(Lo et al., 1999). However, LC neurons express Phox2a
before they express Phox2b (Morin et al., 1997), and no
Figure 1. soulless Embryos Lack Locus Coeruleus and Archassoci-involvement of BMP was demonstrated in their devel-
ated CA Cellsopment.
Lateral views of WT (left) and soulless (right) embryos labeled withTo better understand the molecular mechanism by
antisense TH (A and B) and DBH (C and D) probes and antibody
which LC neurons assume their specific identity and against TH (E and F), showing that both NA LC and AAC are missing
stereotypic location and to determine the similarity and in the soulless mutant embryos at the earliest detectable stages.
differences between NA neurons in the CNS and PNS The hypothalamic DA neurons are normal. AAC, archassociated CA
cells; DA, dopaminergic neurons; LC, locus coeruleus; MHB, mid/in vivo, we have undertaken a genetic study of this sys-
hindbrain boundary. Scale bar, 100 mm.tem in the zebrafish (Guo et al., 1999). We show that a
newly identified zebrafish mutant for phox2a (soulless)
fails to develop NA LC neurons, whereas ectopically
expressed Phox2a induces the formation of ectopic (Figure 1) were absent. Another NA cell group, known as
Phox2b and TH1 DBH1 neurons in multiple locations the archassociated CA cells (AAC), also failed to develop
throughout the zebrafish neural tube. We further show (Figures 1B, 1D, and 1F). In contrast, the hypothalamic
that zebrafish mutants for fgf8 (acrerebellar, Reifers et DA neurons (Figures 1A, 1B, 1E, and 1F) and the NA
al., 1998), bmp2b (swirl, Kishimoto et al., 1997; Nguyen et sympathetic ganglia (data not shown) appeared normal
al., 1998), and bmp7 (snailhouse, M. C. M., unpublished in the soulless mutant. The soulless mutant also exhibits
data) fail to develop Phox2a-expressing LC progenitors, defects in subpopulations of non-CA neurons including
whereas smad5 (somitabun), which is a weak mutant in cranial motor and sensory neurons (data not shown).
BMP signaling (M. C. M., unpublished data), gives rise Taken together, these results suggest that the soulless
to supernumerary NA neurons. gene is required for the development of multiple popula-
These findings support the idea that Phox2a is neces- tions of neurons.
sary and in some cellular context sufficient for the induc-
tion of NA neurons in vivo and that the development of soulless Encodes a Paired Homeodomain Protein
LC neurons is dependent in part on cooperating FGF8 Homologous to the Mouse Phox2a
and optimal BMP signals that converge on the future
To identify the gene that had been disrupted in soulless,
anterior dorsal hindbrain. The findings that BMP is re-
we genetically mapped the mutation to linkage group
quired for the expression of LC neurons further suggest
(LG) 15, near polymorphic microsatellite markers Z24
the existence of general signaling systems that specify
and Z6418 (Figures 2A and 2B). In parallel, we have
NA identity in both CNS and PNS (Varley et al., 1995;
cloned zebrafish homologs of rodent and human genes
Reissman et al., 1996; Varley and Maxwell, 1996; Lo et
known to be involved in the development, survival, oral., 1998, 1999).
function of CA neurons. These include th, dbh, nurr-1,
ret, phox2a, and phox2b. Among these, the zebrafish
phox2a, which display z66% identity at the amino acidResults
level to its mouse homolog (Figure 2D), was mapped by
radiation hybrid panel to LG 15 adjacent to microsatellite
marker Z6418 (data not shown), thus making it a candi-soulless Displays Deficits in LC
date for the soulless locus. To directly examine thisNoradrenergic Neurons
possibility, we have cloned and sequenced phox2a fromWe have screened for zebrafish mutants that suffer defi-
soulless, as well as from wild-type (WT) siblings. Thiscits in distinct subpopulations of DA or NA neurons (Guo
analysis revealed that the soulless mutant allele soum811et al., 1999). In one of the isolated mutants, designated
carries a single substitution from Arginine to Cysteinesoulless, NA LC neurons that are normally detected at
at amino acid 122. Such substitution was never foundaround 36 hr post fertilization (hpf) by in situ hybridiza-
tion to TH and DBH mRNA or with antibody against TH in WT siblings or in Phox2a from other species (Figures
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Figure 2. The soulless Gene Encodes a Paired Homeodomain Protein Homologous to the Mouse phox2a
(A) Gel electrophoresis image showing polymorphic microsatellite markers Z24 and Z6418 fragments that are present in WT siblings but not
in mutant embryos. (B) The soulless mutation and the Phox2a gene are both mapped to LG 15, near microsatellite markers Z24 and Z6418.
(C) ABI automated sequencer-produced chromatographs showing that the homeobox residue arg-122 is mutated to Cys in soum8 and that
gln-137 mutated to Lys in soum812. (D) Sequence alignment between Soulless/Phox2a, mouse Phox2a, and the homeodomain of Drosophila
Paired (Frigerio et al., 1986). The paired type homeodomain is boxed in red, and two amino acid substitutions in soulless mutant alleles are
marked with arrows.
2C and 2D). Examination of a second, independent mu- for the interaction with sequence-specific DNA targets
(Laughon and Scott, 1984; Frigerio et al., 1986). Takentant zebrafish allele soum812 disclosed that it carries a
different single glu-137 to Lysine substitution in Phox2a. together, these data provide strong evidence that muta-
tions in phox2a are responsible for the soulless phe-Both mutations change highly conserved amino acids
in the homeodomain, which is thought to be essential notype.
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Phox2a/Soulless Is Expressed in Neural Progenitors
that Give Rise to LC, Cranial Motor,
and Sensory Neurons
To further examine whether phox2a can be responsible
for the soulless phenotype, we have examined its tissue
distribution in the developing zebrafish. In the tailbud
stage (z10 hpf) embryo, Phox2a is found near the mid/
hindbrain boundary of the neural plate (Figure 3A). Sub-
sequently, at the 6- to 8-somite stage (z12 hpf), as
the neural plate undergoes convergence and extension,
Phox2a becomes confined to several medial stripes rep-
resenting future ventral hindbrain neurons (Figure 3B).
At this stage, no Phox2a positive cells are present in
the dorsal hindbrain (Figure 3D). By the 10- to 12-somite
stage (z15 hpf), expression of Phox2a in a larger number
of cells is detected in the ventral tegmentum, which are
likely to give rise to the oculomotor and trochlear motor
neurons. In addition, a small number of Phox2a-express-
ing cells first appear in the dorsal rostral hindbrain (Fig-
ures 3C and 3E). At this time, Soulless-expressing pro-
genitors, which are likely to be in the epibranchial
placodes, are also detected outside the neural tube (Fig-
ure 3C).
By the 18- to 20-somite stage (z18 hpf), expression of
Phox2a intensifies in the dorsal rostral hindbrain (Figure
3F). However, as development progresses to 24 hpf, the
cells are no longer detected at this location. Instead,
they appear to migrate to an intermediate position be-
tween the dorsal and ventral aspects of the neural tube
(Figure 3G). By 28 hpf, these Phox2a-expressing pro-
genitors appear to have migrated further ventrally and
are now placed in the ventro-lateral region of the rostral
hindbrain where the mature LC reside (Figure 3H).
Staining of the same stage embryos with TH or DBH Figure 3. Spatial and Temporal Expression of Soulless/Phox2a
probes reveal that the LC progenitors do not express In situ hybridization with antisense Phox2a/Soulless RNA probe
NA synthesis enzymes until z36 hpf (Figures 3J and (A±I). LC is visualized by TH RNA probe (J and K) and double label
3K). At this time, expression of Phox2a (Figure 3I) as of Phox2a RNA probe (purple) and TH antibody (brown) (L and M).
Dorsal view of tailbud stage embryo (A) showing Phox2a expressionwell as Phox2b (data not shown) are dramatically down-
in the mid/hindbrain boundary region. Dorsal (B) and lateral (D) viewregulated. Double labeling experiments confirm that the
of 6-somite embryos showing expression of Phox2a in ventral hind-cells begin to express TH while they still express Phox2a
brain stripes. Dorsal (C) and lateral (E) views of 12-somite embryos(Figures 3L and 3M). Taken together, the spatial and
showing expression of Phox2a in ventral hindbrain stripes as well
temporal pattern of Phox2a expression support the idea as in progenitors of LC oculomotor-trochlear neurons. Lateral views
that it acts cell autonomously to influence the develop- of 20-somite embryo (F) showing expression of Phox2a in the ventral
ment of LC, cranial motor, and sensory neurons. The as well as in the ventral tegmentum (oculomotor and trochlear pro-
genitors) and dorsal anterior hindbrain (LC progenitors). Lateralfinding further revealed that although the mature LC
views of 24 hpf (G), 28 hpf (H), and 36 hpf (I) showing the apparentneurons reside in ventro-lateral location, they are likely
dorsal to ventral migration of LC progenitors and downregulationto be specified in the dorsal hindbrain before they mi-
of Phox2a in LC. Lateral views of 28 hpf (J) and 36 hpf (K) embryosgrate to their final position.
labeled with TH RNA probe showing the onset of NA synthesizing
Since the mutated phox2a gene still gave rise to stable enzyme expression is correlated with the downregulation of Phox2a
transcript, we have further examined by in situ hybridiza- expression. Lateral views of 36 hpf embryos (L and M) double labeled
tion with Phox2a probe when the deficits in LC, cranial with Phox2a (purple) and TH (brown), showing coexpression of these
two genes in LC. AAC, archassociated CA cells; DA, dopaminergicmotor, and sensory neurons first appear in the soulless
neurons; HB, hindbrain progenitors or neurons; LC, locus coeruleus;embryos. All these neural progenitors were initially de-
MHB, mid/hindbrain boundary; OT, oculomotor and trochlear motortected by the presence of inactive Phox2a transcript
progenitors or neurons. Scale bar, 200 mm (A±F), 50 mm (G and M),(Figures 4A and 4B; data not shown) and persisted
and 100 mm (H±L).
through somitogenesis stages. However, at z24 hpf,
when Phox2a positive progenitors that would normally
become LC neurons are clearly detected in intermediate
although LC progenitors are present in their dorsal loca-location in WT siblings, only one or two cells that weakly
tion and appear to initiate normal migration in the soul-express Phox2a could be detected in the corresponding
less mutant, they arrest their development or changelocation in the mutant embryo (Figures 4C and 4D). By
their fate before they mature. Expression of Phox2b that28 hpf, before LC neurons begin expressing either TH or
should be activated by Phox2a in LC neurons (PattynDBH, Phox2a-expressing LC progenitors are no longer
found in the mutant embryo (Figures 4E and 4F). Thus, et al., 1997, 1999) and can be first observed in the dorsal
Development of Noradrenergic Neurons in Zebrafish
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the 28 hpf soulless embryo (Figures 4E and 4F). How-
ever, by 36 hpf, these nuclei appear slightly reduced in
size (Figures 4G and 4H), and by z60 hpf they display
severe deficits (Figures 4I and 4J). Like their LC counter-
parts, the soulless oculomotor and trochlear progenitors
never express Phox2b (Figures 4M and 4N). The soul-
less/Phox2a gene is also expressed in many caudal
hindbrain neurons and in the sympathetic ganglia (Fig-
ures 4I and 4J). However, these neurons, in which ex-
pression of Phox2b precedes and is independent of
Phox2a (Figures 4K±4N), are apparently normal in soul-
less mutant embryos (data not shown).
Phox2a/Soulless Can Induce TH and DBH Positive
Neurons in Ectopic Locations
Given our findings that Phox2a/Soulless is essential for
early development of LC neurons, we next examined
whether it can induce LC-like noradrenergic neurons
in ectopic locations. For this, one to eight cell stage
zebrafish embryos were injected with Phox2a/Soulless
mRNA, and the presence of ectopic TH1 DBH1 cells
was determined 48 hr later. Cells with neuronal morphol-
ogy that express TH and/or DBH were found in the CNS
and/or PNS in z40% of the z150 injected embryos that
survived and retained normal morphology (Figure 5).
Thus, ectopic TH1 DBH1 neurons with unipolar axons
that project ventrolaterally and morphology resembling
LC neurons were detected dorsal to the endogenous
LC (Figure 5B, n 5 12) and in the posterior hindbrain
(Figure 5F, n 5 6). In addition, ectopic TH1DBH1 neurons
were seen in the ventral midbrain, telencephalon (data
not shown, n 5 8), craniofacial (Figure 5H, n 5 21), and
trunk region (Figure 5D, n 5 16).
Since expression of Phox2b in oculomotor, troclear
motor nuclei, and LC appeared to be dependent upon
Phox2a/Soulless, we further examined whether Phox2a
is also sufficient to activate the Phox2b gene. As shown
(Figure 5I and 5J), injection of Soulless/Phox2a RNA
indeed led to ectopic expression of Phox2b (12 out of
16 injected embryos). Furthermore, injection of Phox2b
RNA also resulted in the induction of TH1DBH1 NA neu-Figure 4. Phox2a/Soulless and Phox2b Expression in the soulless
Mutant rons in ectopic locations (data not shown).
Lateral views of WT (left) and soulless mutant embryos (right) labeled Taken together, these data suggest that Phox2a/Soul-
with Phox2a (A±J) and Phox2b (K±N) antisense RNA probes. (A and less can induce the generation of TH1 DBH1 (hence
B) 18-somite embryos showing the normal complement of Phox2a- putative NA) neurons in multiple locations in the zebra-
expressing progenitors. 24 hpf (C and D) and 28 hpf (E and F)
fish nervous system and that its actions may be medi-embryos showing the dorsally located LC progenitors migrate to
ated in part by Phox2b. The small number of ectopicthe ventro-lateral compartment in WT embryos and their virtual ab-
TH1DBH1 neurons that were generated indicates thatsence in the soulless mutant embryos. Phox2a-expressing cranial
motor and sensory neurons are normal at these stages. 36 hpf (G not all neural progenitors can become NA in the pres-
and H) and 54 hpf (I and J) embryos showing deficits in oculomotor ence of Phox2a/Soulless and is consistent with the no-
and trochlear motor neurons and cranial sensory ganglia. 20-somite tion that Phox2a must cooperate with additional signals
embryos (K and L) and 24 hpf embryos (M and N) showing that
to specify NA cell identity (Lo et al., 1999).Phox2b expression is not initiated in the oculomotor/trochlear and
LC progenitors of the soulless mutant embryo. C, cranial sensory
progenitors or neurons; HB, hindbrain progenitors or neurons; LC, Development of Phox2a/Soulless-Expressing LC
locus coeruleus; OT, ocular and trochlear motor progenitors or neu- Progenitors in the Anterior Dorsal Hindbrain
rons; sym, sympathetic neurons. Scale bar, 50 mm (A and F), 100 Requires FGF8
mm (G and J), and 200 mm (K and N). Given the finding that Phox2a/Soulless is first expressed
in LC progenitors at the dorsal anterior hindbrain of 10-
somite embryos, we further examined whether inductionlocation in WT siblings (Figure 4K) was never detected
in soulless mutant embryos (Figures 4L and 4N). of Phox2a/Soulless positive cells at this location is de-
pendent on secreted signals from the immediate envi-In contrast to the LC progenitors, a normal comple-
ment of Phox2a-expressing oculomotor-trochlear motor ronment. First, we have tested possible involvement of
FGF8 in the confinement of these cells to the rostralnuclei and cranial sensory ganglia were still present in
Neuron
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Figure 5. Phox2a/Soulless Induces Ectopic
TH1DBH1 Neurons in the Zebrafish Embryos
Lateral views of control (A, C, E, and G) and
Phox2a RNA injected embryos (B, D, F, H, I,
and J) labeled with DBH RNA probes (A±D),
TH antibody (E±H), and Phox2b RNA probes
(I and J). (B) Injected embryo with ectopic
DBH1 neurons dorsal to the normal LC. (D)
Injected embryo with ectopic DBH1 neurons
in the trunk region, posterior to the normal
DBH1 sympathetic neurons. (F) Injected em-
bryo with ectopic LC-like (T-shaped axons)
TH1 neurons in the posterior hindbrain. (H)
Injected embryo with ectopic TH1 neurons in
the craniofacial region anterior to the normal
AAC. (I and J) Injected embryos with ectopic
Phox2b expression on the injected (inj.) but
not control (c.) side. AAC, archassociated
CA cells; DA, dopaminergic neurons; ect.
phox2b, ectopic phox2b; HB, hindbrain; LC,
locus coeruleus; OT, oculomotor and troch-
lear progenitors; sym, sympathetic neurons.
Scale bar, 50 mm (E and F), 100 mm (A, B, G,
and H), and 200 mm (C, D, I, and J).
hindbrain. FGF8 is expressed in the mid/hindbrain in the mid/hindbrain boundary (Figures 6E and 6F).
Moreover, Phox2a/Soulless-expressing oculomotor andboundary adjacent to or within the LC progenitors and
was shown to be required (Meyers et al., 1998; Reifers trochlear motor progenitors in the ventral midbrain as
well as Phox2a/Soulless-expressing progenitors in theet al., 1998; Ye et al., 1998) and sufficient (Crossley
and Martin, 1995; Ye et al., 1998; Martinez et al., 1999; ventral hindbrain appear generally normal in the fgf8/
acerebellar mutant, although they appear slightly ex-Shamim et al., 1999) for the development of several brain
structures and cell types in this region. panded (Figures 6C±6F; data not shown). The dorsal
hindbrain Phox2a/Soulless-expressing cells fail to de-Fgf8/acerebellar mutant fish embryos and WT siblings
were analyzed at the 6- and 12-somite stages for the velop even at later stages, and the fgf8/acerebellar mu-
tant suffers a permanent deficit in LC neurons (Figurespresence of Phox2a/Soulless in the dorsal hindbrain.
By the 6-somite stage, Fgf-8 transcripts were readily 6G and 6H). Although necessary, injection of FGF8 mRNA
did not lead to the appearance of ectopic Phox2a/Soul-detected in the mid/hindbrain region of the WT and fgf8
mutant embryos (Figures 6A and 6B). However, at this less-expressing LC neurons (data not shown). One possi-
bility is that, as reported for the 5HT neurons that residestage none of the embryos expressed Phox2a/Soulless
in the dorsal hindbrain (Figures 6A, 6B, and 3D). By in the rostral ventral hindbrain (Ye et al., 1998), FGF8
is not sufficient for the induction of LC neurons, andthe 12-somite stage, Phox2a/Soulless-expressing cells
appear in the dorsal hindbrain of WT sibling embryos additional signals are required. Alternatively, the tempo-
ral or spatial pattern of Fgf8 expression or its levels werebut were not detected in the fgf8/acerebellar mutant
(Figures 6C and 6D). At this developmental stage, no not appropriate for induction of NA neurons.
We further analyzed the zebrafish noi mutant that car-gross structural deficits can be detected in the acerebel-
lar mutant, and it still expresses inactive Fgf8 transcript ries an inactive homeobox transcription factor Pax-2.1
Development of Noradrenergic Neurons in Zebrafish
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Soulless positive LC progenitors require Fgf8 and Pax-
2.1 for their development and that the dependency on
these factors is in part responsible for their confinement
along the AP axis of the neural tube.
Development of Phox2a/Soulless-Expressing LC
Progenitors in the Anterior-Dorsal Hindbrain
Requires BMP2 and 7
As mentioned, FGF8 is expressed through most of
the DV axis of the mid/hindbrain boundary and thus
cannot be involved in the restriction of Phox2a/Soulless-
expressing LC progenitors to the dorsal aspect of the
hindbrain. We therefore searched for an additional sig-
naling system that would limit the development of LC
neurons to this site. Specifically, we studied possible
involvement of the secreted BMP protein family in this
process. The BMPs are initially produced by the epithelial
ectoderm and subsequently by the roof plate and contact
the lateral neural plate where LC neurons first appear
(Figure 7A). Furthermore, these proteins were shown to
be involved in the induction of early dorsal cell markers
and in the specification of dorsally located neural crest
cells and interneurons (reviewed in Lee and Jessell,
1999).
Zebrafish embryos that carry mutations in the bmp2b
(swirlta72, Kishimoto et al., 1997; Nguyen et al., 1998) or
bmp7 (snailhousety68a, a hypomorphic allele) (M. C. M.,
unpublished data) genes were examined at the 12-
somite stage for the presence of Phox2a/Soulless-
expressing cells in the dorsal hindbrain. Whereas LC
progenitors were readily detected in WT sibling (Figures
7C and 7E), they never appear in the bmp2b (Figure 7D)
or in the severe bmp7 mutant embryos (Figure 7F). In
contrast, the ventrally located Phox2a/Soulless-express-
ing motor progenitors appeared normal in the mid/hind-
brain region of the bmp2b and bmp7 mutants (Figures
Figure 6. FGF-8 and PAX-2 Are Required for the Development of 7D and 7F). The fact that both the bmp7 and bmp2b
DBH, TH, and Soulless/Phox2a-Expressing LC Progenitors
mutants suffer deficits in LC neurons suggests either
Lateral views of WT (left) and fgf8/acerebellar (right [B, D, F, and
that these two factors are individually required or thatH]) and pax-2.1/noi (right [I and L]) embryos labeled with Phox2a
they are dependent on each other for expression. The(C, D, I, and J), double labeled with Phox2a (purple) and Fgf-8 (red)
finding that the level of bmp2b transcript is reduced in(A, B, E, and F) antisense RNA probes, or TH antibody (G, H, K, and
L). (A and B) 6-somite embryos showing FGF-8 expression at the the bmp7 mutant fish and vice versa (Nguyen et al., 1998;
MHB. Dorsally located Phox2a-expressing LC progenitors are not data not shown) is consistent with the later possibility.
yet detectable at this stage. (C and D) 12-somite embryos showing The bmp2b and bmp7 mutants that we have examined
the dorsally located Phox2a-expressing LC progenitors are present
belong to the most severe class of bmp signaling muta-in WT but absent in the fgf8/ace mutant. (E and F) 12-somite embryos
tions (class 5 dorsalizing mutations) (Mullins et al., 1996).showing FGF-8-expressing MHB cells are still present in the fgf8/
Since in the BMP proteins were shown to specify cellacerebellar mutant, but LC progenitors are absent. (G and H) 48 hpf
embryos showing the absence of LC neurons and AAC cells in the fate in a concentration-dependent manner in multiple
fgf8/ace mutant. (I and J) 12-somite embryos showing the lack of organisms (see Discussion), we have further examined
LC progenitors in the pax2/noi mutant. (K and L) 48 hpf embryos the influence of weak mutations in the BMP pathway on
showing the absence of LC neurons in the noi/pax-2.1 mutant. AAC,
the development of LC neurons. Surprisingly, we findarchassociated CA cells; DA, dopaminergic neurons; HB, hindbrain
that the somitabundtc24 embryos that represent a mildprogenitors; LC, locus coeruleus; MHB, mid/hindbrain boundary;
deficit in BMP signaling (class 4 dorsalizing mutations;OT, oculomotor and trochlear motor progenitors. Scale bar, 200 mm
(A±F, I, and J) and 100 mm (G, H, K, and L). Mullins et al., 1996) did not suffer a deficit in Phox2a-
expressing LC progenitors but instead develop supernu-
merary neurons (Figure 7H). These findings indicate that
BMP is essential for the development of LC neuronsthat is required for the maintenance of FGF8 expression
(Reifers et al., 1998). This mutant fish also failed to de- and that it participates in the specification of LC and
possibly other dorsal cell types in a concentration-velop Phox2a/Soulless-expressing cells in the anterior
dorsal hindbrain (Figures 6I and 6J) and suffered perma- dependent manner. As before, injection of BMP mRNA
alone or together with FGF8 mRNA did not give rise tonent absence of LC neurons but not of ventral Phox2a/
Soulless-expressing cranial sensory and motor neurons ectopic Phox2a/Soulless-expressing LC neurons (data
not shown). These findings suggest that, although nec-in the mid/hindbrain region (Figures 6I and 6L). Taken
together, these findings support the idea that Phox2a/ essary, FGF8 and BMP may not be sufficient for the
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Figure 7. Optimal Concentration of BMP2
and 7 Are Required for the Development of
Soulless/Phox2a-Expressing LC Progenitors
Dorsal (A and B) and lateral views (C±F) of
WT (A±C, E, and G), bmp2b/swirl (D), bmp7/
snailhouse (F), and smad5/somitabun (H) em-
bryos labeled with Bmp2b (A), Fgf8 (B),
Phox2a (C and D), Phox2a (purple), and Fgf8
(red) (E±H) antisense probes. Tailbud stage
embryos showing the expression of BMP2b
in the epidermal ectoderm adjacent to the
neural plate (A) and of FGF8 in the mid/hind-
brain boundary of the neural plate (B). (D and
F) 12-somite embryos showing the absence
of dorsally located Phox2a-expressing LC
progenitors, and the presence of the ventrally
located cranial progenitors in bmp2/swirl (D)
and bmp7/snailhouse (F) mutant embryos.
(H) 12-somite somitabun embryo showing
the presence of endogenous and ectopic
Phox2a-expressing LC progenitors. A, ante-
rior; HB, hindbrain progenitors; LC, locus
coeruleus; MHB, mid/hindbrain boundary;
OT, oculomotor and trochlear motor progeni-
tors; P, posterior; tb, tailbud. Scale bar, 200
mm (A and B) and 100 mm (C and H).
induction of LC neurons and that additional patterning anterior hindbrain. The requirement for BMP signal in the
development of both central and peripheral NA neuronssignals that act along the anterior-posterior and dorso-
ventral axis of the neural tube are required. Alternatively, supports the hypothesis that BMP is a general signal
for the NA neurotransmitter identity.as two to three independent signals that act at precise
concentrations appear to be required for the develop-
ment of LC neurons, we may have failed to reproduce Specification of LC by Phox2a/Soulless
Studies of Phox2a (Morin et al., 1997)- and Phox2b (Pat-the conditions that are required for this process to take
place. tyn et al., 1999)-deficient mice revealed that both of
these genes are required for proper development of LCTaken together, the dependence of LC on FGF8 and
BMP for their development and the expression pattern of neurons. However, the precise role of Phox2a in LC
neurons, its time of action, and the regulatory relationsthese factors suggest that Phox2a/Soulless-expressing
LC progenitors require cooperating FGF8 and concen- between Phox2a and Phox2b were not elucidated. Our
study of the soulless mutant now shows that cells thattration-dependent BMP signals that intersect at the dor-
sal rostral hindbrain (Figure 8). express inactive Phox2a/Soulless transcript are born in
the typical dorsal anterior hindbrain and begin ventrolat-
eral migration z9 hr later. Yet, before they start express-Discussion
ing the neurotransmitter synthesis enzymes DBH and
TH, their loss becomes evident by the gradual disap-By taking a systematic genetic approach in the zebra-
fish, we have identified a series of mutations that affect pearance of the Phox2a/Soulless mRNA. Therefore,
Phox2a/Soulless appears to be required cell autono-cell identity in the nervous system (Guo et al., 1999).
Specifically, we report here that soulless, which is re- mously for the initiation of NA cell identity and in its
absence progenitors that would have become LC neu-quired for specification of the brain NA center LC as
well as for subsets of cranial motor and sensory neurons, rons either differentiate into another neuronal cell type
or undergo apoptosis. Phox2a/Soulless is not only nec-is the homeodomain containing protein Phox2a. Further-
more, we show that Soulless/Phox2a is not only neces- essary but also in part sufficient for the specification of
NA cell fate. This is evident from the finding that itssary but in some cellular contexts also sufficient to pro-
mote NA cell identity in vivo and that it mediated its ectopic expression in the developing zebrafish embryo
in vivo results in the induction of TH1DBH1 neuronsactions in part through the induction of Phox2b. Finally,
we provide evidence that the induction of Phox2a/Soul- throughout the nervous system. Ectopic expression of
Phox2a in the chick embryo was also shown recentlyless in LC neurons is dependent on cooperating FGF8
and optimal BMP signals that intersect at the dorsal to induce DBH and TH, the panneuronal genes SCG10
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utilize the neurotransmitter acetylcholine and cranial
sensory neurons that largely use glutamate and/or
aspartate as their neurotransmitter. These findings sug-
gest that Phox2a is a versatile transcription factor that
can execute different functions in different cellular con-
texts.
Interestingly, although the LC neurons are specified
in the dorsal hindbrain, they subsequently occupy a
ventrolateral position, suggesting that they migrate ven-
trally from their birthplace. The mechanism that controls
this migration process is not understood but appears
to be independent of Phox2a since initial migration is
observed in the soulless mutant. The Slit protein was
recently shown to control the migration of progenitors
from the anterior subventricular zone in the telencepha-
lon to the olfactory bulb (Wu et al., 1999) and of GABAer-
gic neurons from an extracortical origin to the neocortex
(Zhu et al., 1999) by repelling these progenitors from
their birthplace. It will be interesting to determine
whether migration of LC neurons is controlled in a similar
manner.
Specification of NA Neurons in the CNS and PNS
Requires Multiple SignalsFigure 8. Schemata Depicting the Development of 5HT Neurons in
As mentioned, BMP was shown to induce the expressionthe Ventral Hindbrain and of LC Neurons in the Dorsal Hindbrain
of TH and the formation of sympathetic-like neurons in5HT neurons are dependent on FGF8 and SHH whereas LC neurons
the chick embryo (Reissman et al., 1996) and in avianare dependent on FGF8 and BMP2/7. Both of these neuronal classes
appear to be restricted to the hindbrain, possibly because they are neural crest cells in culture (Varley et al., 1995; Reissman
dependent on a third, hindbrain-specific patterning signal. et al., 1996; Varley and Maxwell, 1996). However, it failed
to activate the TH or DBH genes in cultured neural crest
stem cells (Shah et al., 1996) or explant culture (Lo et
al., 1999), indicating that it is not always sufficient. Inand NF160, and the cholinergic genes ChAT and VAChT
in the dorsal root ganglia and peripheral nerve (Stanke agreement with the notion that BMP may cooperate with
additional signals, induction of TH and DBH in neuralet al., 1999). However, the small number of ectopic
TH1DBH1 that developed in the Phox2a injected zebra- crest explant culture was found to require the presence
of both BMP and activators of PKA (Lo et al., 1999).fish embryos argue that Phox2a must cooperate with
additional cell type±specific transcription factors or un- Likewise, induction of NA phenotype in the chick sympa-
thetic ganglia in vivo required the presence of two sig-dergo posttranslational modification in order to execute
this function. The fact that Phox2 does not always in- naling centers, the dorsal aorta that produces BMP2/4
(Reissman et al., 1996; Shah et al., 1996) and the noto-duce DBH and TH gene expression also in cell culture
(Lo et al., 1999) is consistent with this possibility. chord (Stern et al., 1991). The notochord-derived signal
has not yet been identified. However, one possible can-Although in WT LC progenitors, the Phox2b gene is
activated z4 hr after Phox2a and its expression can be didate is noradrenaline (Strudel et al., 1977), which acti-
vates PKA and was shown to upregulate TH and DBHdetected z15 hr before that of the dbh and th genes, it
is never expressed in the soulless LC progenitors. This gene expression in cultured avian neural crest cells
(Zhang and Sieber-Blum, 1992; Zhang et al., 1997). Alter-finding suggests that transcription of Phox2b may be
under direct control of Phox2a in LC progenitors. Con- natively, FGFs that have been shown to coinduce TH
gene expression in immortalized rat neural crest cellssistent with this hypothesis, we find that Phox2a is suffi-
cient to induce Phox2b ectopically in the zebrafish ner- (Lo et al., 1990) may provide a PKA-like signal in vivo.
We now provide evidence that the NA identity of neu-vous system. Interestingly, Phox2b is not only induced
by Phox2a but in turn can induce NA cell identity, sug- rons in the CNS is also dependent on multiple signals
from their environment. Specifically, we show that DBH-gesting that it may mediate in part the actions of Phox2a.
It is important to note that activation of the dbh and and TH-expressing LC neurons fail to develop in the
absence of BMP2 or 7 or of FGF8 and that optimal levelsth genes coincides with a significant decrease in the
expression levels of both Phox2a and Phox2b. Either of BMP signal can lead to the induction of ectopic LC
neurons in the dorsal hindbrain. The dependency of LClow level of these two transcription factors is sufficient
to maintain the expression of DBH and TH, or, once neurons on these two families of signals that converge
on the dorsal aspect of the mid/hindbrain boundary ap-induced, the dbh and th genes become independent of
Phox2a and Phox2b. Although Phox2a plays a key role pears to be responsible in part for their confinement to
the anterior dorsal hindbrain. In the absence of BMP orin NA cell identity, the soulless mutants and the Phox2a-
deficient mice (Morin et al., 1997) revealed that it is FGF8, Phox2a is also never expressed in LC progenitors,
indicating that BMP and FGF8 are also essential forrequired also for the development of other neuronal
classes. These include the cranial motor neurons that transcriptional activation of this gene. The fact that a
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surplus of LC progenitors is generated in weak muta- Alternatively, the varied response of neural progeni-
tors to BMP and/or FGF8 may stem from differences intions in the BMP pathway implies that BMP is required
in a concentration-dependent manner and not as an on/ the effective concentration of factors to which they are
exposed or from influence of additional locally producedoff switch for the induction of different dorsal cell fates.
The BMPs were shown to act as morphogens to specify signals. Most likely, the choice of cell fates that result
following exposure to FGF8 and BMP is a summation ofthe Drosophila wing (Strigini and Cohen 1999), the
Caenorhabditis elegans tail and body (Suzuki et al., the temporal and spatial restrictions that the responding
progenitor already acquired, the effective concentra-1999), and dorsoventral axis in the Xenopus laevis em-
bryo (Dale and Wardle, 1999), and may have similar tions of BMP and FGF8, and the presence of other induc-
tive signals.action in the vertebrate nervous system (Marchant et
al., 1998; Nguyen et al., 1998; Wilson et al., 1997). Inter- In this respect, it is important to note that LC neurons
develop only in the dorsal rostral hindbrain even thoughestingly, cooperating BMP and FGF signals were re-
cently shown to play a role in the establishment of the BMP and FGF8 exert effects in both the caudal midbrain
and the rostral hindbrain. This fact is consistent with theborder between the anterior neural plate and the epider-
mis (Streit and Stern, 1999), suggesting that these two notion that additional hindbrain-specific prepatterning
signals may be required for the development of LC neu-signaling systems interact at multiple steps during neu-
ral development. rons. We have previously shown that 5HT neurons that
develop in the ventral rostral hindbrain require in addi-Taken together with previous studies on NA neurons
in the PNS, these studies raise the possibility that activa- tion to FGF8 and SHH signals a third prepatterning signal
that is mimicked by FGF4 (Ye et al., 1998). Similar FGF4-tion of the Phox2 genes and the development of NA cell
identity in the PNS and CNS are controlled by similar like signals may confine the LC progenitors to the hind-
brain. Interestingly, NA cell identity in the PNS may alsoenvironmental signals.
require a third signal in addition to BMP and PKA since
primary neural crest explants that were exposed to BMPThe Role of FGF8 and BMP in Cell Patterning
and activators of PKA gave rise to TH1 neurons only inin the Nervous System
regions of high cell density (Lo et al., 1999).Both FGF8 and the BMPs appear to participate in the
induction of many neuronal cell types and brain struc-
Experimental Procedurestures. Thus, the BMPs play a role in the specification of
dorsally located neural crest, roof plate, dorsal horn
Fish Stocks and Maintenance
interneurons (reviewed in Lee and Jessell, 1999), and Fish breeding and maintaining were performed as previously de-
LC neurons (this manuscript), whereas FGF8 is required scribed (Guo et al., 1999). Embryos were raised at 28.58C and staged
for the development of dopaminergic, serotonergic (Ye according to Kimmel et al. (1995).
et al., 1998), and NA neurons (this manuscript), as well
Mapping and Cloningas of many other cell types in the cerebellum, midbrain,
AB/EK female fish carrying the soum812 mutation were crossed toand forebrain (Meyers et al., 1998; Reifers et al., 1998).
WT WIK male fish, and F1 progeny were raised to adulthood. Geno-
One possibility is that intrinsic differences in neural pro- mic DNA was extracted from pools of z40 F2 WT sibling and z40
genitors along the neuraxis or temporal changes in re- soulless mutant embryos, and PCR reactions were performed using
sponsiveness may account for the cell fates that arise microsatellite marker primers (Knapik et al., 1998). PCR products
were resolved by agarose gel electrophoresis. The genetic linkagefollowing exposure to these two factors. Consistent with
of soulless to microsatellite markers was established by detectionthis notion is the finding that BMP can induce the forma-
of differential amplification of WT and mutant DNA pools (Knapiktion of neural crest cells in hindbrain but not telence-
et al., 1998), and microsatellite marker Z6418 was further tested on
phalic neural plate in vitro. Likewise, BMP can induce 100 individual soulless mutant embryos and yielded 0 recombinants.
apoptosis of neural crest cells in odd but not even num- The zebrafish homolog of phox2a was cloned by degenerate PCR.
bered rhombomeres in the hindbrain. Finally, dorsal neu- The full-length cDNA was isolated by screening a zebrafish embry-
onic cDNA library (kindly provided by Dr. Mark Fishman). The chro-ral progenitors that initially respond to BMP signals by
mosomal location of Phox2a was determined using the zebrafish/becoming neural crest cells assume at later develop-
hamster radiation hybrid panel (Research Genetics). For mutationmental stages dorsal interneuron cell fate in response
detection, primers specific for the Phox2a cDNA were used to am-
to the same signal (reviewed in Lee and Jessell, 1999). plify genomic DNA from pools (z10) of soulless mutant and WT
The effects of FGF8 also appear to be dependent in part sibling embryos. PCR products from mutant and WT sibling embryos
on the history of the responding cells, as it can induce (two independent sets) were directly sequenced by automated cycle
sequencers (ABI).ectopic midbrain in the diencephalon but not in the tel-
encephalon or hindbrain neural plate in vivo (Crossley
Whole Mount In Situ Hybridizationand Martin, 1995; Martinez et al., 1999; Shamim et al.,
Digoxygenin- or fluorescein-labeled antisense RNA probes were1999). These initial patterning properties may be estab-
prepared from linearized templates using RNA labeling reagents
lished by early, secreted signals that originate from the (Boehringer). Hybridization and detection with anti-digoxygenin or
anterior visceral endoderm and organizer and by tran- anti-fluorescein antibodies was done as previously described (Guo
et al., 1999). Hybridization was performed at 708C. For two-colorscription factors such as the Hox genes, Gbx2 and Otx2
in situ hybridization, two RNA probes (digoxygenin or fluorescein(reviewed in Beddington and Robertson, 1998; Lumsden
labeled) were hybridized simultaneously and developed sequentiallyand Krumlauf, 1996). The prepatterning molecules may
with NBT and BCIP (Boehringer) for purple substrate and HNPPin turn change the composition of cell surface receptors
(Boehringer) for red substrate. After staining, embryos were cleared
and associated signaling molecules for FGF8 and the with glycerol, either whole mounted or dissected, and mounted as
BMPs and thereby modify the response to these two thick sections. Immunostaining was performed as previously de-
scribed (Guo et al., 1999).
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RNA Injection Knapik, E.W., Goodman, A., Ekker, M., Chevrette, M., Delgado, J.,
Neuhauss, S., Shimoda, N., Driever, W., Fishman, M.C., and Jacob,Capped sense RNA was synthesized using mMESSAGE mMACHINE
kit (Ambion) from linearized pCS2 plasmids containing either full- H.J. (1998). A microsatellite genetic linkage map for zebrafish (Danio
rerio). Nat. Genet. 18, 338±343.length soulless/Phox2a or beta-galactosidase gene. In vitro tran-
scribed RNA (z30 to 100 pg) was microinjected at the 1±8 cell stage. Laughon, A., and Scott, M.P. (1984). Sequence of a Drosophila seg-
Injected embryos were allowed to develop. At 48 hpf, they were mentation gene: protein structure homology with DNA-binding pro-
fixed with 4% paraformaldehyde and processed for either whole teins. Nature 310, 25±31.
mount in situ hybridization or immunostaining or in situ hybridization Lee, K.J., and Jessell, T.M. (1999). The specification of dorsal cell
followed by immunostaining. fates in the vertebrate central nervous system. Annu. Rev. Neurosci.
22, 261±294.
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